It is important for near-infrared spectroscopy ͑NIRS͒ and imaging to estimate the sensitivity of the detected signal to the change in hemoglobin that results from brain activation and the volume of tissue interrogated for a specific source-detector fiber spacing. In this study light propagation in adult head models is predicted by Monte Carlo simulation to investigate the effect of the superficial tissue thickness on the partial optical path length in the brain and on the spatial sensitivity profile. In the case of source-detector spacing of 30 mm, the partial optical path length depends mainly on the depth of the inner skull surface whereas the spatial sensitivity profile is significantly affected by the thickness of the cerebrospinal fluid layer. The mean optical path length that can be measured by time-resolved experiments increases when the skull thickness increases whereas the partial mean optical path length in the brain decreases when the skull thickness increases. These results indicate that it is not appropriate to use the mean optical path length as an alternative to the partial optical path length to compensate the NIRS signal for the difference in sensitivity caused by variation of the superficial tissue thickness.
Introduction
Near-infrared spectroscopy ͑NIRS͒ and imaging has been applied to measure brain activation noninvasively. NIRS 1,2 is widely used to monitor the change in blood volume and oxygenation in the brain, and the development of commercial instruments has enabled routine brain monitoring. A multichannel system for topographic imaging can also obtain a topographical distribution of the activated region in the brain cortex by a simple mapping algorithm. [3] [4] [5] In brain activation measurements by NIRS and topographic imaging, the source and detector fibers are attached to the scalp with incident light penetrating the brain and being scattered back through the scalp. Since absorption of the activated region varies by changes in the blood volume and oxygenation, one can measure brain activation by detecting the intensity change of near-infrared light that passes through the brain.
The fundamental and serious problem of NIRS and imaging is ambiguity in light propagation in the head caused by the scattering of biological tissue. This poses difficulties in the quantification of NIRS and results in poor spatial resolution and contrast in the near-infrared images. It is clinically important to know the sensitivity of the detected signal to the absorption change in the brain and the volume of tissue interrogated with a particular source-detector pair. Although these clinically important parameters cannot be obtained directly by experiments, the partial optical path length in the brain 6 and the spatial sensitivity profiles 7 can be predicted by numerical analysis of light propagation in the head as indices of the sensitivity and volume of tissue interrogated. The light that passes into the brain must pass through superficial tissues such as the scalp and the skull, and hence the thickness and the structure of these superficial tissues obviously affect the nearinfrared measurements.
In this study, the effect of the superficial tissue thickness of the head on the sensitivity of the detected near-infrared signal and the volume of tissue interrogated with a source-detector pair is investigated. We focus on the effects of the skull and cerebrospinal fluid ͑CSF͒ layer including arachnoid trabeculae although the superficial tissues in reality consist of the scalp, skull, dura mater, arachnoid mater, CSF layer, and pia mater. Light propagation in the brain is strongly affected by the presence of the low-scattering CSF layer, 8 -14 and the thickness of the CSF is easily varied because the brain can move or expand to a limited degree within the skull. The thickness of the skull is known to vary significantly around the head and between individuals. It is likely that the effect of the skull and CSF on the sensitivity and volume of tissue interrogated is quite different because the scattering coefficient of the CSF layer is considerably lower than that of the skull. Here we predict light propagation in adult head models including skull and CSF layers of various thicknesses by Monte Carlo simulation to obtain information about the partial optical path length in the brain and the spatial sensitivity profile as well as the detected intensity and total mean optical path length. The latter two parameters can be measured experimentally if needed.
Method for Modeling Light Propagation

A. Adult Head Model
The adult head model is a slab that consists of five layers that imitate the scalp, skull, CSF layer, gray matter, and white matter as shown in Fig. 1 . The optical properties of the layers for near-infrared light of 800-nm wavelength shown in Table 1 were chosen from reported data [15] [16] [17] except for those of the CSF layer. To our knowledge, there are no experimental data on the optical properties of the CSF layer as yet and hence we estimate them from our previous results. 18 The low level of scattering in the CSF layer was assumed to arise from the arachnoid trabeculae. The thickness of the scalp and the cortical gray matter for all the models were 3 and 4 mm. The thickness of the skull was altered progressively from 4 to 12 mm with the CSF thickness held constant at 2 mm to evaluate the effect of the skull thickness on the light propagation in an adult head. Similarly the CSF layer thickness was altered from 0.25 to 5 mm but with the skull thickness held constant at 7 mm to evaluate the effect of the CSF layer thickness on the light propagation in an adult head.
B. Monte Carlo Simulation
The NIRS signal ⌬OD, which is the change in intensity of the detected light, is given by 19
where I 0 is the incident light intensity, I is the intensity of the detected light, ⌬ a head is the apparent absorption change in the head under the assumption that the absorption changes homogeneously in the head, and ͗L head ͘ is the mean optical path length. The mean optical path length can be measured by time-or phase-resolved instrumentation. However, the assumption of a homogeneous head is obviously not realistic. The NIRS signal can also be obtained from the change in absorption ⌬ a i and the partial optical path length ͗L i ͘ in layer i as follows 8 :
Assuming that only the absorption in the brain is changed by brain activation, i.e., ⌬ a scalp ϭ ⌬ a skull ϭ ⌬ a CSF ϭ 0 and ⌬ a gray matter ϭ ⌬ a white matter ϵ ⌬ a brain , the NIRS signal can be given by
where ⌬ a brain is the absorption change in the brain and ͗L brain ͘ is the partial optical path length in the brain, which is shorter than the mean optical path length. The partial optical path length in the brain can be used as an index of the sensitivity of the NIRS signal to brain activation: The spatial sensitivity profile indicates the volume of tissue in which the absorption change contributes to the NIRS signal. 7 The trajectories of the detected light can approximate the spatial sensitivity profile. The head model is divided into voxels, and the mean partial optical path length that the detected light travels within each voxel is calculated to obtain the trajectories of the detected light. The partial optical path length within a voxel ͗L voxel ͑x, y, z͒͘ approximates a partial derivative of the change in the detected intensity versus absorption coefficient in the voxel:
In the results presented here, the partial optical path lengths within the voxels ͗L voxel ͑x, y, z͒͘ are projected onto the plane perpendicular to the boundaries of layers and along the source and detector ͑the x-z plane͒ and onto the plane parallel to the brain surface ͑the x-y plane͒ to represent two-dimensional distributions of the spatial sensitivity profile. The partial optical path length within the voxels in the gray matter and the white matter are projected onto the x-y plane to obtain topographic profiles of the spatial sensitivity to brain activation. The light propagation in the model was calculated by use of a previously described Monte Carlo method 6 based on a variance reduction technique. 20 Fifty million photons that initially have a unit survival weight were injected one by one into the source position. The propagation of a photon in the head model was determined from the transport scattering coefficient and random numbers. Isotropic scattering was assumed in all the layers. The scattering length was corrected when the photon crossed a boundary between different types of tissue. Reflection that is due to refractive-index mismatch was considered only on the boundary between the scalp and the air. The refractive indices of air and tissue were assumed to be 1.0 and 1.4, respectively. We ignored the refractive-index mismatch between the CSF and the tissue because the refractive-index difference between the CSF and the tissue is less than that between the air and the tissue and the refractive-index mismatch between the CSF and the tissue has less of an effect on the light propagation in the brain than the scattering in the CSF layer caused by the arachnoid trabeculae.
When a photon reached the detector at 20, 30, 40, or 50 mm from the source, its ultimate survival weight W was calculated with absorption coefficient ai and optical path length L i that detected photon travel in each layer: (6) where W 0 is the survival weight of the photon, reduced only by reflection at the surface of the model. The survival weight and partial optical path length in each layer weighted by the ultimate survival weight were recorded for each detector. The ultimate survival weight of the photons detected by each detector was accumulated to calculate the intensity of the detected light. The partial optical path length in each layer can be calculated by accumulation of the partial optical path lengths weighted by the ultimate survival weight for each detected photon. The mean optical path length is the sum of the partial optical path lengths. When the photon reached the detector at 30 mm from the source, the trajectory of the detected photon weighted by the ultimate weight was accumulated to obtain the spatial sensitivity profiles.
Results
A. Effect of Skull Thickness
The intensity of the detected light as a function of skull layer thickness is shown in Fig. 2 . The detected intensity is normalized by the intensity of the incident light. The detected intensity slowly decreases with an increase in skull thickness. The slope increases with an increase in source-detector spacing. The detected intensity for a sourcedetector spacing of 30 mm is almost constant for a model with a skull thickness greater than 8 mm. Figure 3 shows the mean optical path length as a function of skull layer thickness. The mean optical path length increases when the skull thickness increases. The slope for the larger source-detector spacings is greater than that for the small sourcedetector spacing. The slope for the source-detector spacing of 30 mm levels off when the skull is thicker than 8 mm. The mean optical path length for a source-detector spacing of 20 mm scarcely depends on skull thickness.
The relationship between the partial optical path length in the brain and the thickness of the skull is shown in Fig. 4 . The partial optical path length decreases when the skull thickness increases. Although the partial optical path length for the small source-detector spacings levels off as zero separation approaches, the slope is almost the same for the source-detector spacings that ranged from 20 to 50 mm. In the case of a source-detector spacing of 30 mm, the model with a 6-mm-thick skull has more than three times the partial optical path length in the brain compared with the model with a 10-mm-thick skull. This indicates that the sensitivity of the NIRS signal-to-brain activation is considerably affected by the thickness of the skull layer.
The spatial sensitivity profiles for the head model with skull layers of 4-, 7-, and 10-mm thickness at a source-detector spacing of 30 mm are shown in Figs. 5͑a͒, 5͑b͒, and 5͑c͒, respectively. The gray scale of all the profiles is normalized by the maximum value in Fig. 5͑b͒ . The contours in all the profiles are drawn for 10%, 1%, and 0.1% with respect to the maximum sensitivity point in Fig. 5͑b͒ . As shown in the spatial sensitivity profiles in the x-z plane ͑Figs. 5͑a1͒, 5͑b1͒, and 5͑c1͒͒, deeper penetration from the head surface is observed in the model with a thicker skull although penetration into the brain surface decreases slightly with an increase in skull thickness. The most intense region of the spatial sensitivity profile in the x-y plane in the brain is reduced and is concentrated at the midpoint of the source and detector with an increase in skull thickness, as shown in Figs. 5͑a2͒, 5͑b2͒, and 5͑c2͒. The position of the extreme contours scarcely depends on the thickness of the skull. Figure 6 shows the profile of the spatial sensitivity profile in the brain along the y axis at the midpoint of the source and detector. The sensitivity peak decreases with an increase in skull thickness whereas the full width at half-maximum ͑FWHM͒ of the profile scarcely depends on the thickness of the skull. The FWHM of the spatial sensitivity profile on the y axis at the midpoint of the source and detector for a source-detector spacing of 30 mm is approximately 15 mm. 
B. Effect of the Cerebrospinal Fluid Layer Thickness
The effect of the CSF layer thickness on the intensity of the detected light is shown in Fig. 7 . The detected intensity increases with increased thickness of the CSF layer but the slope becomes more gradual in the case of thick CSF layers. The slope decreases with a decrease in source-detector spacing, and the detected intensity for a source-detector spacing of 20 mm scarcely depends on the thickness of the CSF.
The relationship between the mean optical path length and the source-detector spacing is shown in Fig. 8 . The mean optical path length for sourcedetector spacings of 40 and 50 mm initially decreases with an increase in CSF thickness up to 2 mm whereas it increases slightly with an increase in the CSF layer thickness beyond 2 mm. The mean optical path length for source-detector spacings of 20 and 30 mm increases slightly when the thickness of the CSF increases. The slope for all the source-detector spacing is almost the same beyond a CSF thickness of 2 mm. Figure 9 shows the partial optical path length as a function of the thickness of the CSF layer. The partial optical path length initially increases when the CSF layer thickness increases, then starts to decrease with additional increases in CSF layer thickness. A marked peak can be observed for a large sourcedetector spacing. The thickness of the CSF layer for which the partial optical path length reaches its peak decreases when the source-detector spacing increases. The difference in the partial optical path length caused by the thickness of the CSF is not significant for a source-detector spacing of 20 mm. In the case of a source-detector spacing of 30 mm, the partial optical path length for the head model with a 2-mm-thick CSF layer is approximately 20% longer than that for a head model with a 5-mm thick CSF layer.
The spatial sensitivity profiles for head models with CSF layers of 0.5-, 3-, and 5-mm thickness at a source-detector spacing of 30 mm are shown in Fig.  10 . The gray scale of all the profiles is normalized by the maximum value in Fig. 5͑b͒ and the contours in all the profiles are drawn for 10%, 1%, and 0.1% with respect to the maximum sensitivity point in Fig. 5͑b͒ to allow one to compare the effect of the thickness of the CSF on the spatial sensitivity profiles with those computed for the effect of the thickness of the skull. A deeper penetration of the spatial sensitivity profile from the head surface can be observed in the models with thicker CSF layers as shown in Figs. 10͑a1͒,  10͑b1͒ , and 10͑c1͒. The penetration depth into the brain surface scarcely depends on the thickness of the CSF layer. Both the maximum intensity region and the extreme contours of the spatial sensitivity profile in the x-y plane in the brain are broadened when the thickness of the CSF layer increases as shown in Figs. 10͑a2͒, 10͑b2͒ , and 10͑c2͒. Figure 11 shows the profile of the spatial sensitivity in the brain along the y axis at the midpoint of the source and detector. The sensitivity peak decreases when the CSF layer thickness increases. The side of the profile spreads considerably when the thickness of the CSF layer increases whereas the FWHM of the profile scarcely depends on the thickness of the CSF layer and is approximately 15 mm.
Discussion
The brain can move or expand to a limited degree in the skull, and it is possible that the thickness of the CSF varies during the NIRS measurements or because of changes in posture. Since changes in the thickness of the CSF layer alter the intensity of detected light as shown in Fig. 7 , any brain movement and expansion during the measurement would affect the NIRS signal. This phenomenon has been briefly discussed by Firbank et al. 13 The thickness of the skull and the CSF varies with position around the head and between individuals even if the thickness does not change during the measurement. The sensitivity of the NIRS signal to change in brain activity is thus likely to depend on the depth of the brain surface from the surface of the head. The partial optical path length in the brain is one of the important parameters required to estimate the effect of the thickness of the superficial layers on the sensitivity of the NIRS signal-to-brain activation. As can be seen in Figs. 4 and 9 , the partial optical path length in the brain for a source-detector spacing of 30 mm depends to a great extent on the thickness of the skull whereas the thickness of the CSF layer scarcely affects the partial optical path length in the brain. These results suggest that the sensitivity of the NIRS signal-to-brain activation for small sourcedetector spacings depends mainly on the depth of the inner surface of the skull rather than the depth of the brain surface. For example, the depth of the brain from the head surface for a head model with a skull layer of 7 mm and a CSF layer of 5 mm is the same as that for a head model with a skull layer of 10 mm and a CSF layer of 2 mm. The partial optical path length for the former model is more than twice as long as that for the latter model. The sensitivity of the NIRS signal for the large source-detector spacing is affected by both the depth of the inner surface of the skull and the thickness of the CSF layer.
Since the partial optical path length in the brain is based on the assumption that the absorption in the brain is homogeneously changed by brain activation, it cannot be directly applied to evaluate the sensitivity of the NIRS signal for local brain activation. As can be seen from Figs. 10 and 11, the spatial sensitivity profile is broadened when the CSF layer thickness increases. The sensitivity at the midpoint of the source and detector for the model with a 5-mm-thick CSF layer is approximately half of that for a model with a 0.5-mm-thick CSF layer whereas the partial optical path length in the brain for the two models is almost the same. These results suggest that the sensitivity of the NIRS signal to the local brain activation depends on not only the depth of the inner skull but also the thickness of the CSF layer.
The spatial sensitivity profile depends on both the depth of the inner skull and the thickness of the CSF layer as well as the partial optical path length in the brain and, hence, cannot be predicted from only the depth of the brain surface. As can be seen in Figs. 5͑c͒ and 10͑c͒, the spatial sensitivity profile for a head model with a skull layer of 7 mm and a CSF layer of 5 mm is distributed more broadly in the brain than that for a model with a skull of 10 mm and a CSF layer of 2 mm although the depth of the brain surface for the two head models is the same. The spatial sensitivity profile in the x-y plane indicates the volume of tissue interrogated by a source-detector pair for topographic imaging. Since the thickness of the skull and CSF layers varies with position on the head, the sensitivity and interrogated region for individual source-detector pairs for topographic imaging can differ from each other. Although the partial optical path length and the spatial sensitivity profiles in the brain are important parameters as indices of the sensitivity of the NIRS signal-to-brain activation, they cannot be directly measured in vivo and thus have to be predicted from numerical modeling of light propagation in the head. The mean optical path length has frequently been used to determine the induced change of oxyhemoglobin and deoxyhemoglobin in the brain as an alternative to the partial optical path length in the brain because the mean optical path length can be measured by time-or phase-resolved instrumentation. It should be noted that the mean optical path length increases when the skull thickness increases as shown in Fig. 3 whereas the partial optical path length decreases when the skull thickness increases as shown in Fig. 4 . The effect of the CSF layer thickness also has this contrasting tendency between the mean optical path length and the partial optical path length as shown in Figs. 8 and 9 . These results indicate that it is not appropriate to use the mean optical path length as an alternative to the partial optical path length in the brain to compensate for the differences in sensitivity caused by the thickness variation of the superficial tissue layers in the head. In NIRS and imaging, differences in optical path length cause a cross talk between oxyhemoglobin and deoxyhemoglobin. 12 An image reconstruction algorithm 21, 22 that predicts the path length in the activated region of the brain might reduce the cross talk in the measurement more effectively than a calculation by use of the mean optical path length.
Conclusion
The effect of the thickness of the skull and CSF layer on light propagation in the brain in an adult head model has been investigated by Monte Carlo simulation. Changes in the CSF thickness caused by brain movement and͞or expansion during measurements significantly affect the intensity of the detected light, i.e., the NIRS signal. The partial optical path length in the brain, i.e., the sensitivity of the NIRS signal to the global absorption change in the brain, depends mainly on the depth of the inner skull below the surface and scarcely depends on the thickness of the CSF layer for a source-detector spacing of 30 mm, which is commonly used for near-infrared topographic imaging. However, the spatial sensitivity profile that indicates the volume of tissue interrogated by a source-detector pair is broadened when the thickness of the CSF layer increases. The sensitivity at the midpoint of the source and detector decreases when the CSF layer thickness increases whereas the partial optical path length in the brain is almost the same. The sensitivity of the NIRS signal to local brain activation therefore depends on not only the depth of the inner skull but also the thickness of the CSF layer.
The mean optical path length increases slightly when the skull thickness increases whereas the partial optical path length decreases. This contrasting tendency is also observed in the effect of the CSF layer on the mean optical path length and the partial optical path length. It is therefore not appropriate to use the mean optical path length as an alternative to the partial optical path length to compensate for the difference in sensitivity caused by thickness variations of the superficial tissue layers in the head.
